Design configurations of high loaded magnetorheological (MR in short) mounts are reviewed and discussed. The configurations are analyzed on the basis of three operating modes of MR fluid: flow mode, shear mode, and squeeze mode. These modes are significantly important to develop new type of mounts and improve the efficiency of vibration control. In this paper, advantages and disadvantages of each operation mode are analyzed on the basis of ability of designing high loaded mounts. In order for analysis, the field-dependent damping force equations for typical cross sections of mounts are firstly investigated while maintaining original equations of these cross sections. As a subsequent step, simulation tools for the high loaded mounts are investigated and discussed. These tools which are developed from the analyzed method are expressed as functions of various design parameters such as inside pressure, magnetic field, dimension, stiffness, and damping. These tools are essential for accurate design of MR mount and for careful checking of the operation capability before manufacturing the mounts. This paper can provide very useful information and guidelines to determine an appropriate design configuration of high loaded mounts whose vibration control performances depend on the operational mode of MR fluid.
Introduction
The applications of MR fluids in commercial products such as automotive suspension, washing machine mounts, and motorcycle clutches are currently being more popular. In these applications, the appearance of high loaded MR mount has been recently concentrated and expanded its applications to vibration control super-weighted machines such as engine system. This application can replace the traditional rubber mount and hence improve the vibration control performance. It is remarked that the MR mount is very similar to conventional hydraulic mount and its control function of damping force and pressures can be easily achieved. Therefore, the reviews of the hydraulic mount are essential to know the operation of MR mount. The model of hydraulic mount was analyzed by Geisberger et al. [1] . The cross section of the hydraulic mount is presented as shown in Figure 1 . The nonlinear model of the hydraulic mount is suggested for low and high frequency behavior of the mount. The lumped parameter linear model is used in establishing the dynamic functions of the mount as shown in Figure 2 . The force transmitted to the mount base represents the sum of forces applied through the mechanical stiffness and damping parameters along with the influence of internal pressure [1] . Another survey of the hydraulic mount has been presented by Marzbani et al. [2] . There are two models of the mount for the analysis of dynamic behaviors as shown in Figure 3 . The mathematical functions of these model are written as follows [2] :̈+ (4) and (b) frequency response of (5).
In the above, (1) and (2) Figure 4 (a) that the frequency range less than √ 2 has the amplitude with its value higher than the gap size of the decoupler. In this circumstance, the relative displacement is less than the gap size, and its movement will over the gap size. In Figure 4 (b), the amplitude is decreased by increasing the excitation frequency, > 1. Hence, the strategy for mount design is to have high at high frequency range and small at low frequency range . Another survey of mount using for vehicle engine has been presented by Yu et al. [3] . In this survey, elastomeric mount, passive hydraulic mount, and semiactive and active mount were reviewed. It is noted that the passive mount provides a better performance than elastomeric mount in the low frequency range. On the other hand, the active and semiactive mounts are applied to improve hydraulic mount through tuning capability. The active mount is very stiff at low frequency, which is inversely at high frequency range.
The nonlinear model of the hydraulic engine mount was studied by Golnaraghi and Jazar [4] . The flow resistance in decouple of mount is a function of decouple column fluid displacement and speed. Hence, the flow resistance increases dramatically as the decoupler plate approaches the top or bottom of its cage [4] . It is remarked that the model in this study is a basic knowledge to develop the semiactive mount afterwards. Another study of the quasilinear mount model was presented by He and Singh [5] . This model is used to estimate parameters in order to predict the transient response to realistic displacement excitations. In fact, this study analyzed the hydraulic mount models in detail which were presented in [1, 4] . Design and optimization of the hydraulic mount were studied by Li et al. [6] . A neural network model was used to find optimized value of hydraulic mount, where its objective was used to specify the structures and materials of hydraulic mount. The application of this method removed the erroneous parameters and improved the accurate parameters. Recently, a new modified secondary path of active hydraulic mount was presented by Hausberg et al. [7] . The operation of secondary path was improved by using a moving coil and a permanent magnet since this affected the variation of rubber diaphragm. The mount using MR fluid is a kind of a semiactive type which can provide effective vibration control performance with relative simple mechanism and low cost compared to active mount. Elahinia et al. [8] presented a review of MR and ER mounts. This review also presented some typical controllers for these mounts such as LQG, skyhook, ground-hook, fuzzy, neural network, and hybrid control. However, the MR mount discussed in this paper had simple structures and low capacity of damping force. Hence, in order to develop high loaded mount, these structures should be changed.
From the above analysis, a summarization of structures for designing high loaded MR mount is essential. Basically, the traditional hydraulic mount and MR mount have a very similar principles of operation. However, the capacity and controllability of these mounts are significantly different. For example, the hydraulic mount can be used passive or active, while MR mount can be used as the semiactive device which can provide controllable damping force without sensors or/and complicated control algorithms. Consequently, a broad review of design configuration of the semiactive MR mount can help designers to develop more advanced mount structures which can be applied to many industries such as automotive and civil engineering. In this paper several new structures for high loaded mount configurations utilizing MR fluids are discussed in the sense of design configuration and their benefits are also addressed in terms of vibration control performance as well as manufacturing simplicity. 
Configurations of High Loaded MR Mounts
In design of MR mount, three modes of MR fluid such as flow mode, shear mode, and squeeze mode are normally used. Definitions of three modes are clearly depicted in [32] . Among these operating modes, both the flow mode and shear mode are frequently used due to design simplicity as well as high control performance. In other words, the configuration structure of the flow mode and shear mode has simple section, high force, and easy manufacture. However, one disadvantage of these two modes requires a bulky design to assure desired force and to guarantee long operation. It is also noted that the damping force of the flow mode is normally higher than the case of the shear mode. On the other hand, the application of squeeze mode is difficult in design aspect because of its open gap in which the fluid leakage can easily occur. In order to make closed gap in the squeeze mode operation, an accurate sealing technique is required. Moreover, in squeeze mode configuration it is very difficult to maintain the gap to be consistent due to the variation of vertical dynamic motion. A valve structure with both annular and radial fluid flow was suggested by Wang et al. [9] . Although this structure was applied to design MR damper, it also opened a new application to design high loaded actuator. The distribution of MR paths affected the appearance of pressure which related to the damping force of actuators. A new structure of high loaded mount was firstly presented by Nguyen et al. [10] . This design used in this work has annular and flow paths to establish a high pressure inside the mount, and then the damping force can be increased. A detailed view section of this mount is depicted in Figure 5 . This section is a breakthrough idea to apply the advanced smart MR fluid in mount design. Following the traditional mount, the rubber mount was used, and the MR structure was placed under the rubber mount. The combination of the rubber part and MR fluid part brings the new design concept for effective vibration control, especially in low frequency range. However, the disadvantage of this design is the choosing of small damping gap (less than 1.5 mm) which may cause what is called a block-up phenomenon of MR fluid. In the blockup state MR fluid plays like a solid and hence the damping force is decreased. To prevent the block-up phenomenon of MR fluid as shown in Figure 6 , a new structure of flexible valve for high loaded mount was studied by Phu et al. [11] . The middle core in [10] ( Figure 5 ) was replaced by a moved plate in [11] (Figure 7 ). The motivation of this design can avoid the block-up of MR fluid to keep sufficient damping force of the mount during operation. The MR damper for integrated isolation mount was investigated by Seong et al. [12] as shown in Figure 8 . In this design, a new type of seal was applied to decrease the friction which has effects on the damping force as shown in Figure 9 . Detailed configuration of the mount is presented in Figure 10 . This structure has the small gap (3 mm) between the piston head and cylinder and hence it can be used for control of tiny-vibration. However, developing this structure for high loaded mount will be limited by the large height as well as the capacity of rubber plate for seal.
A new kind of MR mount based on elastomer plate was studied by York et al. [13] . The structure of MR elastomer mount and the elastomer plate are depicted in Figures structure. However, the damping force of this design structure is relatively low and hence it cannot apply for the high loaded MR mount which requires the high inside pressures and large damping force. A similar structure to high loaded MR mount studied in [10] was presented by Kang et al. [14] and Hung et al. [15] . The configuration of this mount is shown in Figure 12 . Its advantage is to easily avoid the block-up phenomenon of MR fluid which is shown in Figure 13 . On the other hand, the evaluation of a simple MR mount whose structure is very similar to the hydraulic mount shown in Figure 14 was presented by Rasekhipour and Ohadi [16] . To pursuit the high loaded mount, this mount can be used by designing the annular flow gap and retaining the section shown in Figure 14 . However, the total amount of MR fluid for this design structure is very large and hence the manufacturing cost will be increased. The MR mount with the modified chamber using a coil was studied by Mansour et al. [17] . Its modification is shown in Figures 15(a) and 15(b) . In this design, the modified chamber could increase the stiffness of the mount, but this increment appears around the coil. The leakage of magnetic field to the MR fluid has not been sufficient to change the state of fluid. Hence, this design structure is not good for high loaded mount and its performance is limited due to the occurrence of the block-up phenomenon of MR fluid. The review of MR valve using for MR actuators was presented by Abd Fatah et al. [18] . This review showed cross sections of MR valve which could be applied for design mount as shown in Figure 16 . This design structure can be developed for high loaded mount, but the input and output of MR fluid should be enlarged to prevent the block-up phenomenon with the space limits such as the mount height in radial direction. Recently, combination of the mount and damper was studied by Do et al. [19] . The damper-mount is a kind of the high loaded actuator which can be used for loads over 25 kN. The configuration of the damper-mount is shown in Figure 17 . The movement of the piston in this design can remove the block-up phenomenon of MR fluid. In fact, this idea has been developed from [10, 14, 15] . Another design structure for high loaded MR mount was present by Chung et al. [20] . In this mount design, the damping gap is designed as inclined gap whose main function is to make smooth flow of MR fluid. The configuration of this mount is shown in Figure 18 . This design with the inclined gap improves the flow Shock and Vibration motion although the distance of damping gap is longer. A traditional MR mount of the piston-type has been studied by Phu et al. [21] and its configuration is depicted in Figure 19 . This structure is very simple to design mount. However, this model cannot be applied to design high loaded mount due to the requirement of large size to generate high damping force. This design structure is suitable for small damping force in the range of 300∼1000 N. The similar structure mount as piston-type was also presented by Hong et al. [22, 23] and Choi et al. [24] . The MR mount using annular flow gap was studied by Barber and Carlson [25] as shown in Figure 20 .
The disadvantages of this mount are similar to the mount proposed in [15] . Another piston-type mount was also studied by Choi et al. [26] , which is similar to the mount of [21, 22, 24, 25] . From the above review, design configurations of hydraulic mount, conventional MR mount, and high loaded MR mount are investigated and some salient characteristics are discussed. These intensive reviews are very helpful to develop high performance MR mount subjected to several design constraints such as space limitation and frequency limitation. It is noted that significant design factors for high loaded mount include operation mode of MR fluid, gap size of flow path, block-up phenomenon, movable parts during operation, and exciting magnitude and frequency. Besides, other factors such as appearance of coil, number of coil, and dimensions of coil should be also significantly considered for mount design. However, these factors closely relate to the magnitude of magnetic field and hence change the value of damping force. The arrangement of coil will directly impact to formulate the operating modes in the mount design procedures, and hence the designer should carefully consider the operating modes to achieve desired control performance before determining specific dimensions of MR mount.
Analysis of High Loaded MR Mount
In this section, the governing equations required to design of high loaded MR mount are reviewed and discussed.
Firstly, equations for calculating the inside pressure of MR valve with both annular and radial fluid flow path [9] are summarized. These equations are basic knowledge to obtain exactly damping force in design procedure. This structure is depicted in Figure 21 . The pressure drop by the annular fluid flow gaps is determined as follows: profile. The pressure drop in the conflux flow which relates to the radial fluid flow is calculated as follows:
where rc is the volumetric flow rate through radial section in conflux flow and rf is the damping gap of radial fluid flow. The pressure drop in the headstream flow which relates to the radial fluid flow is obtained as follows:
where rh is the volumetric flow rate through radial section in headstream flow. The pressure drop related to the fielddependent component at radial fluid flow is derived by
where rf is the dynamic yield stress of radial fluid flow and rf is the factor of the flow velocity profile. Thus, the total pressure drop in the radial fluid flow gaps is expressed as
Now, the pressure drop in MR valve is summarized from (6) and (10) as follows:
Values of (11) Figure 23 : Section of MR valve for brake-mount structure.
plate and central plate. The damping force of MR mount for this section shown in Figure 23 is determined as follows:
where is the damping force (N), 3 is the height of lower plate (m), 4 is the height of upper plate (m), 0 is the damping gap (m), is the viscosity of MRF (Pa⋅s), 0 is the efficient radius (m), 1 is the internal radius (m), 2 is the height of piston (m), PISM is the area of piston related damping gap 0 (m 2 ), and are coefficients of flow, and sgn(V) is signum function of velocity V.
The section for the high loaded mount shown in Figure 24 is featured by changeable gaps of the mount. In this section structure, the gap position can be adjusted according to the difference pressure between upper chamber and lower chamber. Its damping force is calculated as follows [11] Figure 24 : Section of MR valve with changeable damping gaps of mount.
MR fluid Piston
Upper plate where
up is the area of the upper plate, V is the velocity of MR flow, is the base viscosity of MR fluid at off-state, 1 , 2 , and 3 are chosen as constants whose values are from 2 to 3, and 1 , 2 , and 3 are the yield stresses of MR fluid at three different areas corresponding to three damping gaps 04 , 01 , and 05 .
The cross section used for high loaded damper-mount is depicted in Figure 25 . Its damping force includes two main components: damper and mount. The damping force for damper part is calculated as follows [19] :
where is the pressure in the gas chamber, V is the viscous coefficient, MR is the yield stress force of the piston-type mount, and V is the velocity of piston. These parameters are determined as follows: The damping force for mount part is determined as follows:
where is the volumetric flow rate of central hole, ℎ is the volumetric flow rate of horizontal damping gap between the piston and upper plate of the fixed valve, is the area of lower plate, and and are the coefficient pressure ratios.
Analytical Tool for Mount Simulation
There are two main approaches for simulating MR mount: CFD (Computation Fluid Dynamic) model in commercial software [27] and analytical model [28] . Besides, another analysis model as modified Bingham model [29] and modified Bouc-Wen model [30, 31] can be applied to derive the mount model. In this section, the analytical models which are frequently adopted for high loaded mount design are reviewed and discussed. It is noted here that the analytical tool used in [28] is possible to be used for the design of conventional MR mount with small damping force. Considering the distribution of flow rates inside MR mount shown in Figure 26 , a simple mechanical model of MR mount can be expressed as shown in Figure 27 . From this model, the total flow rate of MR fluid inside mount is written by where 1 is the flow rate of damping gap of upper plate (m 3 /s), 2 is the flow rate of upper face of flexible plate (m 3 /s),
where is the bulk modulus of MR fluid (N/m 2 ), 1 is the upper chamber pressure (Pa), up is the upper chamber volume (m 3 ), is the rubber element area which is contacted area with MR fluid (m 2 ), is the flexible plate area (m 2 ), up is the upper plate area (m 2 ),̇is the deformation velocity of rubber mount (m/s),̇is the vibrated velocity of flexible
Figure 28: Flexible-valve model.
plate (m/s), anḋV is the velocity of valve block (m/s). The pressure of lower chamber is expressed as follows:
where 2 is the lower chamber pressure (Pa) and lo is the lower chamber volume (m 3 ). From Figure 28 , the governing equation of flexible system is derived as follows:
where is the mass of flexible plate (kg), 1 is the upper stiffness coefficient of MR fluid (N/m), 2 is the lower stiffness coefficient of MR fluid (N/m), 1 is the upper damping coefficient of MR fluid (Ns/m), 2 is the lower damping coefficient of MR fluid (Ns/m), ℎ is the horizontal stiffness coefficient of MR fluid (N/m), 0 is the initial horizontal damping gap (m), and is horizontal damping gap in vibration (m) [32] . It is noted that (19) - (21), the movement of upper plate and lower plate, are similar. These plates are supposed to be designed to guarantee motions simultaneously. The stiffness coefficients of MR fluid are calculated as follows [31] :
where 1 (GPa) and 2 (GPa) are the bulk modulus of the fluidair mixture [33] (23) is redefined following the justification of flexible plate of valve block as follows:
where 1 (N/m 2 ⋅A −1/2 ) and 2 (N/m 2 ⋅A −1/2 ) are constants including the effect of bulk modulus. is applied current to the coil (A). When there are three parameters of the current , the damping gaps 01 , 02 are changed according to the vibration magnitude, and the stiffness 1 and stiffness 2 are also changed. This variation guarantees the stability of the system. The damping coefficients of MR fluid are calculated as follows [31] :
where 01 is the damping gap between the upper plate and upper face of flexible plate (m), 02 is the damping gap between the lower plate and lower face of flexible plate (m), is the yield stress of MR fluid (Pa), and V 0 is the flow velocity of MR fluid (m/s). It is remarked that the variation of the applied current will influence the change of , and then the values of 1 and 2 are also changed. From Figure 29 , the governing magnetic circuit equation of MR mount is calculated as follows [28] :
where in is the supplied voltage (V), is the number of turns in the electric coil (turns), is the resistance of the coil (Ω), and is the magnetic flux. to is the total reluctance of the magnetic circuit in MR mount and calculated as follows:
where hous , 1 , 2 , 3 , and 4 are permeability of the housing, damping gap 04 , damping gap 01 , damping gap 02 , and damping gap 03 , respectively. The damping force of MR mount is expressed as follows:
where mr ( , 1 ) [N⋅s/m] is the damping coefficient following the variations of the applied current and pressure 1 , [N] is the evolutionary coefficient, and (̇V) is the evolutionary variable [31] . The components of (27) are determined as follows:
where 1 
, and are constants of damping coefficient, stiffness coefficient, evolutionary coefficient, and evolutionary variable, respectively. These values are determined based on results of optimization process. It is noted that these values will be different from experiment data where the group of 1 seems to be a constant as reported in [31] . The total force of the mount system is determined as follows:
where is the stiffness of rubber element (N/m) and is the damping coefficient of rubber element (N⋅s/m). From (19) , (20) , (25) , (27) , and (29), the variables of the MR mount system are vector defined by
To evaluate the "block-up" phenomenon, the difference pressure between upper chamber and lower chamber is determined from the solving equations (18) and (19) and compared this result with the limited pressure which comes from the yield stress of MR fluid in magnetic field of upper chamber. The limited pressure is calculated as follows:
If the value of the difference is higher than the value of Δ li , the "block-up" phenomenon in the mount is prevented inversely.
Conclusion
In this paper, design configurations of high loaded MR mounts were reviewed and discussed by investigating advantages and disadvantages. It has been summarized from the design review that, in the design process of high loaded mounts, many principal factors such as damping gaps, cross sections, and equations of damping forces should be considered. In addition, identification models have to be considered simultaneously for the achievement of superior vibration control performance. It has been discussed that in general the high loaded MR mount is designed based on two main modes of MR fluid: flow mode and shear mode. The distribution of parts inside the mount determines the establishing pressures, which are directly related to the damping force of the mount. It has been also identified from the review investigation that the high loaded MR mount based on the squeeze mode is still difficult in design configuration due to the low damping force and leakage of the fluid itself. Hence, a breakthrough design configuration using the squeeze mode with large deformation values needs to be created in the future. This review investigation provided a useful guideline for designing high load MR mount by adopting combination modes of flow and shear based operation. This combination modes type of high loaded mounts has several benefits such as no occurrence of the block-up phenomenon and higher control force compared with a single mode. The velocity of piston (m/s) :
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